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We present a growth method that overcomes the mismatch in rotational symmetry of ErAs and conventional III-V semiconductors, allowing for epitaxially integrated semimetal/semiconductor heterostructures. Transmission electron microscopy and reflection high-energy electron diffraction reveal defect-free overgrowth of ErAs layers, consisting of >2Â the total amount of ErAs that can be embedded with conventional layer-by-layer growth methods. We utilize epitaxial ErAs nanoparticles, overgrown with GaAs, as a seed to grow full films of ErAs. Growth proceeds by diffusion of erbium atoms through the GaAs spacer, which remains registered to the underlying substrate, preventing planar defect formation during subsequent GaAs growth. This growth method is promising for metal/semiconductor heterostructures that serve as embedded Ohmic contacts to epitaxial layers and epitaxially integrated active plasmonic devices. Metal/semiconductor heterostructures are integral to the operation of every optoelectronic device. In addition to the conventional role as Ohmic or Schottky contacts, integration of metals within optical devices has received substantial attention, due to the strong confinement of light that can be achieved at metal-dielectric interfaces.
1 In particular, surface plasmon modes at these interfaces are promising for scaling photonic devices, enhancing semiconductor absorption and emission, as well as improving the sensitivity of biological sensors. However, metals remain relegated to the device periphery, due to the lack of a suitable material system for 3D integration. As such, complex plasmonic structures, such as a light source surrounded by metallic films are exceedingly challenging to fabricate with conventional methods. 2 An epitaxial approach to metal/semiconductor integrated devices would offer new paradigms for the design and fabrication of plasmonic devices.
Several epitaxial metal/semiconductor systems have been investigated, initially motivated by application to metal-base transistors 3 ; however, a suitable prototype material system has not yet been demonstrated, due to issues including interfacial stability and epitaxial compatibility that must be simultaneously satisfied. The rare-earth monopnictides (RE-V) and conventional III-V semiconductors (e.g., GaAs) are promising for demonstration of epitaxial metal/ semiconductor heterostructures. We will focus on the ErAs/ GaAs material system due to the maturity of ErAs growth. ErAs is semimetallic with bulk resistivity of 70 lX-cm. 4 When grown on GaAs, the interface is thermodynamically stable 5 and the cubic lattice constants for zinc blende GaAs and rocksalt ErAs only differ by 1.6%. Additionally, alloys of semimetallic Sc 1Àx Er x As have been grown latticematched to GaAs. 6 Unfortunately, early attempts to integrate ErAs films into GaAs resulted in highly defective GaAs overgrowth of the ErAs films. 4 The defects form due to the islanding growth mode of GaAs grown on ErAs, as well as the mismatch in rotational symmetry of the crystal structures. 7 In order to realize the full potential of ErAs/GaAs heterostructures-and RE-V/III-V materials more broadly-full films must be embedded without compromising overgrowth quality. In this letter, we address this limitation with a growth method that enables the embedding of ErAs layers in GaAs, without the formation of planar defects that have historically plagued the material system. Transmission electron microscopy (TEM) was employed to characterize planar defects in GaAs overgrowth, as well as the interface roughness and uniformity of the ErAs layers.
Various applications have motivated research groups to examine erbium incorporation into GaAs under differing growth conditions. Codeposition of erbium and GaAs (Refs. [8] [9] [10] [11] [12] can be summarized by the following growth model: at low erbium fluxes, erbium segregates to the growth surface (illustrated in Fig. 1(a) ) and incorporation is limited by growth kinetics; with increasing erbium flux, the surface erbium concentration exceeds a critical areal density for nanoparticle formation and ErAs precipitates form ( Fig. 1(b) ); surface erbium that can diffuse to the ErAs nanoparticles will preferentially incorporate resulting in larger particles or extended structures. Several experimental results support this growth model. Low erbium fluxes resulted in substitutional incorporation; 8 however, at higher erbium fluxes, the erbium incorporated in interstitial sites, which TEM revealed to be rocksalt ErAs precipitates. 9 Even for layers with high Er-doping, there was a distinct gap between the interface of the erbium-containing layer and the appearance of the first ErAs precipitates. 13 The morphology of the ErAs precipitates was modified with the growth conditions, such that extended structures were realized for the highest erbium surface mobility. 13 The nanoparticle growth regime [12] [13] [14] [15] [16] can be thought of as an extension of the high erbium-doped growth. In this case, a layer of nanoparticles, usually <50% surface coverage, is intentionally deposited at the GaAs surface. The exposed GaAs surface acts as a seed for the overgrowth, avoiding the mismatch in rotational a)
Author to whom correspondence should be addressed. Electronic address: acrook@mail.utexas.edu. (2011) symmetry (Fig. 1(c) ). 15, 16 Few applications have required simultaneous investigation into the two distinct incorporation regimes. However, recent attempts to integrate ErAs nanostructures within optical devices 17 have required reduction in parasitic erbium incorporation (previously observed by Jourdan et al.
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. It was shown that the key parameter to achieve high optical quality III-V material above the ErAs layers is the amount of GaAs overgrowth between the ErAs nanoparticle layer and the surface while cooling the erbium cell. 17 This demonstrated the propensity of subsurface ErAs nanoparticles to scavenge erbium atoms adsorbed on the surface, which is the foundation of the nanoparticle-seeded growth method. Figure 1 illustrates the nanoparticle-seeded growth method. Growth began with embedding an ErAs nanoparticle seed layer in GaAs via the conventional method and overgrowing with a thin GaAs spacer layer of thickness t sp (Fig. 1(c)) . The sample was then heated to 600 C to enhance erbium diffusion, and the erbium flux was reinitiated to grow the buried ErAs nanoparticles into a full film. Because of the low erbium flux, surface erbium diffused through the GaAs spacer and preferentially incorporated at the subsurface nanoparticles without building up sufficient surface concentration to nucleate ErAs nanoparticles on the GaAs surface. The underlying nanoparticles expanded laterally until they coalesced into a film ( Fig.  1(d) ). Because the film was grown through a thin GaAs spacer that was seeded by the substrate, the zinc blende symmetry was maintained and subsequent GaAs overgrowth was single-phase.
Samples were grown by molecular beam epitaxy on semiinsulating GaAs (100) substrates. The sample structure consisted of five ErAs films, each with 5 ML total ErAs deposition, embedded in GaAs. Growth details of the nanoparticle seed layer, which consisted of 1.33 ML ErAs, are given elsewhere. 17 Subsequent ErAs was grown with the erbium cell cooled to 920 C, top produce a flux of $8 Â 10 12 cm À2 s À1 (0.0123 ML/s effective growth rate). The GaAs spacer thickness was progressively increased from 1-3 nm, which is a range that was expected to be favorable for erbium diffusion to the subsurface ErAs. The top film was grown without a GaAs spacer layer, corresponding to the conventional layer-by-layer growth method. A 100 nm GaAs layer was grown after each ErAs film to ensure a smooth starting surface for the subsequent ErAs film. The structure was examined with cross-sectional TEM using a 200 kV FEI Tecnai TF20 instrument. A TEM image of the sample is shown in Fig. 2 . The GaAs spacer thickness (t sp ) is overlaid on each ErAs layer. The surface was monitored in situ with reflection high-energy electron diffraction (RHEED). A streaky GaAs 2 Â 4 reconstruction was observed prior to the growth of each ErAs layer. Degradation of the GaAs overgrowth was only observed for the final ErAs film that was grown with a 0 nm spacer (i.e., the conventional growth method).
The high-resolution (HR) TEM images of the top and bottom ErAs films are shown in Fig. 3 . The GaAs overgrowth of the conventionally grown film (Fig. 3(a) ) clearly shows planar defects, consistent with twinning and antiphase domains, that are expected to form during the overgrowth of the rocksalt ErAs with the zinc blende GaAs. 18 By contrast, as shown in Fig. 3(b) , the GaAs overgrowth of the nanoparticle-seeded film, grown through a 1 nm GaAs spacer, exhibited no such planar defects. This corresponds to over twice the total erbium deposition that can be grown by the conventional method without the degradation in the GaAs overgrowth, 19 validating the new growth physics. Careful inspection of the nanoparticle-seeded film indicated a modest increase in roughness and decrease in homogeneity of the ErAs film, as compared to those grown by the conventional method.
The HR-TEM images of the films grown with thicker GaAs spacer layers reveal the importance of the capping layer thickness in the nanoparticle-seeded growth method. The GaAs spacer thickness must be carefully chosen to be thin enough to sink the Er efficiently, but thick enough that it maintains a sufficiently continuous GaAs film to prevent planar defect formation. With increasing GaAs spacer thickness, we observed the appearance of a second nanoparticle layer and decreasing uniformity of the "film" grown at the nanoparticle seed layer. Figure 4 shows the HR-TEM image for the nanoparticle-seeded film grown with a 3 nm GaAs spacer. It is clear that the nanoparticle-seed layer (denoted lower) has not coalesced into a film prior to the formation of a second ErAs nanoparticle layer on the surface of the GaAs spacer (denoted upper). It is important to note, however, that the total erbium deposition at the surface during the film growth was 3.67 ML. This is more than the $2 ML of ErAs nanoparticles that can be overgrown at the elevated growth temperature, without resulting in highly defective GaAs overgrowth. This implies that some of the erbium diffused to the nanoparticle-seed layer to incorporate prior to the formation of the surface nanoparticle layer. Additionally, in each of the ErAs films grown with >1.0 nm GaAs spacers, we observed two distinct nanoparticle layers. It is important to note that we did not observe pillars, or similar features, that connected the nanoparticle-seed layers to the surface, which one might expect if the nanoparticles had a tendency to expand vertically. This is particularly promising for the future development of the film growth technique as it implies that it is favorable for the subsurface nanoparticles to expand laterally, resulting in a quasi-layer-by-layer growth mechanism.
In conclusion, we have presented a growth method that has the potential to overcome the mismatch in rotational symmetry that has precluded the integration of rare-earth monopnictide films with high-quality III-V materials. The method was applied to the ErAs/GaAs prototype material system where we utilized the two distinct growth regimes of erbium incorporation into GaAs to grow an ErAs layer through a thin GaAs spacer that maintains registration with the underlying GaAs substrate. Electrical measurements of temperature dependant conductivity are underway to observe a transition from hopping transport associated with nanoparticle layers to band like transport of films and will be reported elsewhere. Further development of the growth method is required to grow thicker ErAs films, and extension of the growth method to a lattice-matched semimetal/semiconductor system, such as ScErAs, will enable the integration of semimetallic films within optical devices.
